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We explore the explanation of the Fermi Galactic Center Excess (GCE) in the Next-to-Minimal
Supersymmetric Standard Model. We systematically consider various experimental constraints in-
cluding the Dark Matter (DM) relic density, DM direct detection results and indirect searches from
dwarf galaxies. We find that, for DM with mass ranging from 30GeV to 40GeV, the GCE can be
explained by the annihilation χχ→ a∗ → bb¯ only when the CP-odd scalar satisfies ma ≃ 2mχ, and
in order to obtain the measured DM relic density, a sizable Z-mediated contribution to DM anni-
hilation must intervene in the early universe. As a result, the higgsino mass µ is upper bounded by
about 350 GeV. Detailed Monte Carlo simulations on the 3ℓ+EmissT signal from neutralino/chargino
associated production at 14-TeV LHC indicate that the explanation can be mostly (completely) ex-
cluded at 95% C.L. with an integrated luminosity of 100(200) fb−1. We also discuss the implication
of possible large Z coupling to DM for the DM-nucleon spin dependent (SD) scattering cross sec-
tion, and find that although the current experimental bounds on σSDp is less stringent than the spin
independent (SI) results, the future XENON-1T and LZ data may be capable of testing most parts
of the GCE-favored parameter region.
I. INTRODUCTION
As a building block of the universe, Dark Matter (DM)
is a focus of current particle physics. The existence of a
Weakly Interacting Massive Particle as a DM candidate
has been indicated by some direct detection experiments
like DAMA/LIBRA [1], CoGeNT [2, 3], CRESST [4] and
CDMS [5], although these results are not consistent with
each other very well and not supported by other exper-
iments such as Xenon [6] and LUX [7]. On the other
hand, indirect DM searches also reported some anoma-
lies. Recent data analyses of the Large Area Telescope
(LAT) onboard the Fermi Gamma-ray Space Telescope
have shown an excess around 1 ∼ 4 GeV in the photon
energy spectrum coming from the Galactic Center [8–17].
It has been shown that this excess can be well explained
by a ∼ 35 GeV DM annihilating 100% into bb¯ with a
thermal averaged cross section of about 2×10−26 cm3/s,
which is remarkably close to the value required by the
measured relic density Ωh2 [13, 16].
So far several works have studied such a Galactic Cen-
ter Excess (GCE) in supersymmetry [18–24]. It was
found that after considering the constraints from the
Ωh2, the most promising DM annihilation channel is
χχ → a∗ → bb¯ where a is a CP-odd Higgs boson lighter
than about 100 GeV. In the Minimal Supersymmetric
Standard Model (MSSM), due to the mass correlation be-
tween the pseudoscalar and the charged/heavy CP-even
scalar, the pseudoscalar is generally heavier than about
300 GeV and thus cannot explain the GCE. In the Next-
to-MSSM (NMSSM), an extra singlet superfield Sˆ is in-
troduced, which results in three CP-even Higgs bosons
h1∼3, two CP-odd Higgs bosons a1,2 and five neutrali-
nos χ˜01∼5 (an ascending mass order for the same type of
particles is assumed, with χ˜01 acting as DM and denoted
by χ hereafter) [25]. Since the CP-odd Higgs boson a1
may be singlet-like and rather light, light DM pair can
annihilate mainly through the s−channel mediation of
a1 in both the early universe and today if ma1 ≃ 2mχ.
As shown in [21], in NMSSM a bino-like DM can explain
both the GCE and the Ωh2 through an off-shell a1, while
a singlino-like DM requires a tuned resonance 2mχ ≃ ma1
to achieve the same goal.
In this work we intend to interpret the GCE with a
∼ 35GeV DM in the NMSSM. Compared with previ-
ous works, we consider more constraints (such as current
Higgs data) on the model. We note that taking into
account the uncertainties of DM profile in the Galaxy as
well as the astrophysical uncertainties of background and
foreground will result in a wide range of DM annihilation
cross sections which can accommodate the GCE [26, 27],
e.g. 〈σv〉|v→0 = (0.4 ∼ 5.0) × 10−26 cm3/s. However,
the observation of dwarf galaxies as well as other comic
ray fluxes such as positron and antiproton are capable of
setting upper limits on the cross sections of DM annihi-
lation into various channels[28–34]. Taking DM annihila-
tion into bb¯ as an example, the Fermi observation of dwarf
galaxies has required 〈σv〉bb¯|v→0 . 1.3× 10−26 cm3/s for
mDM = 35GeV [30, 31]. So if we consider the constraint
from the dwarf galaxies and ignore possibly stronger con-
straints from other comic ray observations [32–34], a rea-
sonable DM annihilation rate dominated by bb¯ channel
can be chosen to be in the range of 〈σv〉|v→0 = (0.4 ∼
1.3) × 10−26 cm3/s to explain GCE. With these consid-
erations we obtained different observations from those in
[21], e.g. we found that a singlino-like DM instead of
a bino-like DM is easier to explain both the GCE and
the correct Ωh2. More importantly, we observed that
χχ→ a∗1 → bb¯ can not alone explain both the GCE and
the Ωh2, and in order to get the correct Ωh2, a sizable
s-channel Z contribution to the early DM annihilation
is usually needed. Consequently, the higgsino mass µ is
2upper bounded by about 350 GeV, which will be readily
tested at the LHC Run-II through the trilepton signal of
neutralino/chargino associated production. We also dis-
cuss another interesting aspect of this GCE-motivated
scenario, i.e. the implication of possible large Z coupling
to DM for the DM-nucleon spin dependent (SD) scatter-
ing cross section, which did not receive much attention
in previous works.
This paper is organized as follows. In Section II we de-
scribe the basic features of NMSSM and our scan strate-
gies. In Section III we present our results and discussions.
Finally we conclude in Section IV.
II. MODEL AND SCAN STRATEGIES
The superpotential of the NMSSM is given by [25]
WNMSSM =WF + λHˆu · HˆdSˆ + 1
3
κSˆ3,
where WF is the MSSM superpotential without the µ-
term, Hˆu and Hˆd are MSSM Higgs superfields, λ and κ
are coupling coefficients for Higgs superfields. The cor-
responding Higgs potential is then parameterized by soft
breaking masses m˜2u,d,s for Higgs fields Hu,d,s and trilin-
ear soft breaking coefficients Aλ and Aκ. In this frame-
work, the CP-even (odd) Higgs mass eigenstates are mix-
tures of the real (imaginary) parts of Hu, Hd and s, and
the neutralino mass eigenstates are the mixtures of bino,
wino, higgsinos and singlino. In practice, the parameters
m˜2u,d,s are traded for mZ , tanβ ≡ vu/vd and µ ≡ λvs as
theoretical inputs.
In our analysis, we fix all soft masses and soft trilinear
parameters in squark (slepton) sector at 2 (0.3) TeV ex-
cept that we allow the soft trilinear couplings At = Ab to
vary to obtain a ∼ 125 GeV CP-even Higgs. In order to
get a light bino-like DM, we abandon the GUT relation
among gaugino masses and set wino mass M2 = 1 TeV
and gluino mass M3 = 2 TeV. Thus the free parameters
are tanβ, µ, λ, κ,Aλ, Aκ in the Higgs sector, bino mass
M1 and At, which are all defined at 2 TeV. We adopt
the Markov Chain Monte Carlo method to scan follow-
ing parameter space with NMSSMTools-4.3.0 [35]:
1 < tanβ < 40, 0 < λ < 0.7, 0 < |κ| < 0.7,
0 < |Aκ| < 2 TeV, 0 < Aλ < 5 TeV, |At| < 5 TeV,
0 < |M1| < 0.6 TeV, 0.1 TeV < µ < 0.6 TeV. (1)
We select the samples by following steps: we require
30 GeV ≤ mχ ≤ 40 GeV and impose all constraints en-
coded in the NMSSMTools-4.3.0 including the relic den-
sity at 3σ level (corresponding to 0.107 ≤ Ωh2 ≤ 0.131),
LUX exclusion limit at 90% C.L. and various B-physics
measurements with criteria described in detail in [36].
Then we use HiggsBounds-4.1.2 [37] to systematically im-
pose the constraints from Higgs searches at LEP, Teva-
tron and LHC. We also perform a fit to the Higgs data up-
dated in the summer of 2014 with details described in [38]
TABLE I. Expected cross sections of the SM background after
cuts for fix signal regions in [40] and the SRZd region defined
in this work at 14-TeV LHC.
Expected cross section (fb)
SRnoZa SRnoZb SRnoZc SRZa SRZb SRZc SRZd
Z(∗)Z(∗) 1.32 0.20 0.03 0.90 0.12 0.04 0.01
Z(∗)W (∗) 4.33 1.96 0.23 22.28 2.06 0.58 0.24
tt¯ 4.97 1.31 0.28 0.90 0.11 0.06 0.00
Total 10.62 3.47 0.54 24.08 2.29 0.68 0.25
and keep the 2σ samples with ∆χ2 = χ2 − χ2min < 6.18.
Subsequently we calculate the DM annihilation cross sec-
tion today with micrOMEGAs-3.6.9.2 [39] and keep the
samples with 〈σv〉|v→0 = (0.4 ∼ 1.3) × 10−26 cm3/s to
explain GCE.
We find that the surviving samples are characterized
by 9 < tanβ < 33, 170GeV < µ < 350GeV and
mh± > 500 GeV. We classify them into four scenarios:
for scenario I-S (I-B), h1 corresponds to hSM and DM is
singlino(bino)-like, while for scenario II-S (II-B), h2 acts
as hSM with DM being singlino(bino)-like. Since the hig-
gsino mass µ of the surviving samples is not very large,
they should be testable at 14-TeV LHC through the chan-
nel pp → χ˜±i χ˜0j → 2χ˜01WZ → 3ℓ + EmissT where i = 1, 2
and j = 1 ∼ 5[40]. For each sample we perform a simu-
lation, in which we use MadGraph5 [41] and Pythia [42]
to generate relevant events and apply the parton shower.
With Delphes [43] encoded in CheckMATE-1.16 [44], we
obtain the cut efficiencies for the six signal regions (SRs)
of [40]. Then we calculate σ(pp→ χ˜±i χ˜0j) with Prospino2
[45] at next-to-leading order and evaluate the significance
S = s/
√
b+ (10%b)2 for each SR, where s and b corre-
spond to the number of signal and background events
after cuts and 10% is the assumed systematical uncer-
tainty of the backgrounds. Moreover, in order to probe
the moderately large µ region more efficiently, besides the
six SRs in [40] we consider one more SR named SRZd,
which has the same cuts as SRZc in [40] except that it
requires EmissT > 165 GeV. In Table.I, we list our back-
grounds after cuts in different SRs. We also performed
similar analysis of the trilepton signal at 8-TeV LHC and
found no limits on the surviving samples.
III. RESULTS AND DISCUSSION
A. Scan results: Among the four scenarios to ex-
plain both the GCE and the Ωh2 in the allowed parame-
ter space, we find that II-S is most favored, and II-B and
I-B are marginally okay by tuning the relevant param-
eters (we only get a few benchmark points after a long
time scan), while we cannot find any I-S sample. We
present several benchmark points of the three available
scenarios, and show their details in Table.II.
To understand why scenario II-S is most favored by the
GCE, we start with an effective Lagrangian [21, 46–48]
− Lint = iya1χχa1χ¯γ5χ+ iya1bb¯a1b¯γ5b, (2)
3TABLE II. Benchmark points for scenario II-S, II-B and I-
B, respectively. Quantities with mass dimension are in unit
of GeV and the DM annihilation cross section is in unit of
cm3/s. The scattering cross sections in direct detection are
in unit of pb.
mχ ma1 mh1 mh2 mh± At M1
(II-S) 35.1 69.1 56 125 4700 2360 -286
(II-B) 40.63 81.25 56 126 3500 2670 43.9
( I-B) 40.88 81.74 126 882 4340 3690 43.4
〈σv〉bb¯|v→0 λ κ tanβ µ Aλ Aκ
1.0× 10−26 0.43 0.034 20.3 227 4830 -110
0.6× 10−26 0.12 0.017 12.6 256 3760 -61
0.6× 10−26 0.24 0.40 16.7 271 3890 -4.1
104ΓZ,inv Ωh
2 Brhinv
SM
104σSDp 10
10σSIp |ya1χχ| |ya1bb¯|
4 0.13 11% 3.4 5.0 0.048 0.008
0.1 0.13 13% 0.3 3.5 0.001 0.002
0.08 0.13 6.0% 0.2 1.4 0.002 0.003
where ya1χχ and ya1bb¯ are Yukawa couplings. The cross
section for the annihilation χχ→ a∗1 → bb¯ is given by
〈σv〉bb¯|v→0 ∝
y2a1χχy
2
a1bb¯
m2χ
(4m2χ −m2a1)2 +m2a1Γ2a1
. (3)
This formula indicates that in order to predict a rel-
atively large 〈σv〉bb¯|v→0, either ya1χχya1bb¯ takes a suf-
ficiently large value or ma1 approaches to 2mχ. In
NMSSM, the experimental bounds we considered have
limited a1 to be highly singlet-like (so Γa1 is very small),
and ma2 & 500 GeV. Consequently, ya1χχ in scenario II-
S mainly gets contribution from the superpotential term
κSˆ3 and is approximately
√
2κ [25]. In contrast, since
DM is bino-like in scenarios II-B and I-B, ya1χχ is sup-
pressed by a factor λ(mZ sin θW /µ)
2(mχ/µ) with θW be-
ing the weak mixing angle [21]. Since ya1χχ in scenario
II-S can be much larger than those in scenarios II-B and
I-B, ma1 in scenario II-S may slightly deviate from 2mχ
while being capable of explaining the GCE so that the
theory is less tuned (see Table.II). We emphasize that all
the three scenarios require a low µ: in scenario II-S, a
low µ is needed to predict mh2 ≃ 125 GeV [49], while in
scenarios II-B and I-B, a low µ is necessary to keep ya1χχ
moderately large.
Finally we discuss scenario I-S, which is featured by
2κvs ∼ 35 GeV to get the desired DM mass and the CP-
even singlet Higgs mass |MS,33| > 125 GeV to ensure h1
being hSM. Furthermore, to explain the GCE tanβ & 10
is usually needed to enhance the coupling ya1bb¯, and the
singlet-like a1 should be around 2mχ, which corresponds
to the CP-odd singlet Higgs mass |MP,22| ∼ 70 GeV.
However, from the expressions of M2S,33 and M
2
P,22 [25]
M2S,33 = λAλ
vuvd
vs
+ κvs(Aκ + 4κvs),
M2P,22 = λ(Aλ + 4κvs)
vuvd
vs
− 3κvsAκ,
one learns that the appropriate values of |MS,33| and
|MP,22| are very difficult to obtain simultaneously for a
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FIG. 1. The dependence of ya1χχ, ya1bb¯ (upper panel),
〈σv〉bb¯|v→0, ΓZ,inv (lower panel) on 2mχ/ma1 for surviving
samples in scenario II-S.
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FIG. 2. DM mass mχ versus DM-nucleon SD scattering cross
section σSDp for II-S samples. Various experimental upper
limits are taken from [51].
usually negative κAκ (see Eq.(C.10) of [21]). In the rest
of this work, we will mainly focus on scenario II-S. For
scenario I/II-B, we will only briefly describe their features
since delicate tuning is needed in these scenarios.
B. DM annihilation in the early universe: From
4Table.II one learns that the three benchmark points all
have 2mχ/ma1 > 1, which means that the present DM
annihilation 〈σv〉|v→0 is usually larger than that at freez-
ing out 〈σv〉0 due to the thermal broadening if DM an-
nihilates only through the intermediate a1. However,
in order to predict the measured Ωh2, 〈σv〉0 should be
around the canonical value 3 × 10−26 cm3/s. Since the
dwarf galaxy measurements have required 〈σv〉bb¯|v→0 .
1.3 × 10−26 cm3/s, χχ → Z∗ → bb¯ must also contribute
sizably to the annihilation in the early universe. A good
way of illustrating this is to observe the Z boson invisi-
ble decay width into DM pair ΓZ,inv which contains the
coupling of Z boson to DM pair.
As stated above, in the following we concentrate on
the samples of scenario II-S. In the upper and lower pan-
els of Fig.1, we show ya1χχ and ya1bb¯ as a function of
2mχ/ma1 and the correlation between 〈σv〉bb¯|v→0 and
ΓZ,inv, respectively. The upper panel indicates that as
2mχ/ma1 increases, ya1χχ and ya1bb¯ must also increase to
maintain an appropriate 〈σv〉bb¯|v→0 to explain the GCE.
This panel also shows that for a fixed ya1χχ or ya1bb¯,
generally a 2mχ/ma1 closer to 1 corresponds to a larger
〈σv〉bb¯|v→0 since the cross section in Eq.(3) is very sensi-
tive to the resonance. One can also clearly see that for
a fixed 2mχ/ma1 , increasing ya1χχ and/or ya1bb¯ will help
to obtain a larger 〈σv〉bb¯|v→0 as expected.
The lower panel indicates that very close to the reso-
nance region (e.g. red samples with 2mχ/ma1 < 1.01)
ΓZ,inv is quite small, generally in the range of ΓZ,inv <
0.2MeV, which means χχ → Z∗ → bb¯ contribution to
〈σv〉0 is limited. As 2mχ/ma1 departs from the reso-
nance one usually has an increased ΓZ,inv and decreased
〈σv〉bb¯|v→0, which is most obvious for 2mχ/ma1 > 1.03.
This is because in the resonance region, the correlation
between the a1 contributions to 〈σv〉0 and to 〈σv〉|v→0
is relatively weak [50] and both can be quite large, in
which case the Z contribution to 〈σv〉0 can be small.
When a1 is off-shell, however, the correlation becomes
strong and the thermal broadening makes a1 contribu-
tion to 〈σv〉0 get locked to be less than its contribu-
tion to 〈σv〉|v→0 which is already smaller than the re-
quired canonical value. Consequently, a sizable Z con-
tribution must be present in the early universe. Note
that in order to obtain a sizable Z contribution which
requires a moderately large coupling gZχχ, µ can not be
too large since gZχχ ∝ (λv/µ)2 for singlino-like DM and
gZχχ ∝ (mZ sin θW /µ)2 for bino-like DM [21]. As shown
in Fig.1, a sizable Z contribution allows 2mχ/ma1 to de-
viate moderately from 1 to make scenario II-S less tuned.
Finally we would like to comment briefly on the case
of 2mχ/ma1 < 1, where the DM annihilation in the early
universe can benefit from the thermal average over the
resonance effect of a1. As we mentioned below Eq.(3),
the highly singlet-like a1 with a very small width will
make the resonance effect quite significant [50]. In this
case, the relic density forbids the parameter region with
very strong resonance, e.g. 0.9 . 2mχ/ma1 . 1 [21], and
consequently the a1-medicated contribution to 〈σv〉|v→0
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nario II-S at 95% C.L. at 14-TeV LHC. Samples marked with
red square and dark green bullet may be discovered with an
luminosity of 1000 fb−1 and 3000 fb−1, respectively.
is too small to account for the GCE. We checked numer-
ically that, with the requirement of a correct relic den-
sity for the case of 2mχ/ma1 < 1, 〈σv〉|v→0 is generally
smaller than 1.0× 10−27 cm3/s.
C. DM-nucleon scattering: An interesting im-
plication of sizable Z contribution to 〈σv〉0 and large
ΓZ,inv is the DM-nucleon SD scattering cross section
σSDp . In Fig.2 we show the DM mass versus σ
SD
p for
II-S samples compared to various experimental upper
limits. One can learn that although the current exper-
imental bounds on σSDp is less stringent than the spin
independent (SI) results, the future XENON-1T and LZ
data may be capable of testing most parts of the GCE-
favored parameter region. One can also notice that an
increased singlino-like DM massmχ generally correspond
to smaller ΓZ,inv and σ
SD
p . This is due to the suppressed
coupling gZχχ ∝ (λv/µ)2 as mχ ∝ 2(λ/µ)−1κ increases
[21], as well as the moderately suppressed two-body de-
cay phase space since mχ ∼ 40GeV is quite close to
mZ/2. We confirmed these features numerically for II-S
samples.
Note that all of our samples have passed the LUX
bounds and since scenario II-S requires h2 to be the
SM-like Higgs, one might worry about the possibly large
contribution of very light singlet-like CP-even Higgs h1
to DM-nucleon spin independent (SI) scattering cross
section. Nevertheless, the singlet-like h1 couples to the
singlino-like DM with a coupling gh1χχ ∼
√
2κ [25] and
the light singlino-like DM mass mχ ∼ 2κ(µ/λ) requires
a small κ. Consequently, gh1χχ cannot be very large.
We checked that our II-S samples have κ ∈ (0.02, 0.043),
mh1 ∈ (20, 100)GeV, and for very light h1 . 30GeV
(with only a small number) κ decreases rapidly. Conse-
quently, it is not difficult for scenario II-S to satisfy the
direct detection experiment.
5D. Test the explanation at 14-TeV LHC: Now
we discuss the capability of 14-TeV LHC to test the GCE
explanation in NMSSM. In Fig.3 we show the needed lu-
minosity to exclude the II-S samples at 95% C.L. as a
function of the lightest chargino mass mχ˜±
1
. For each
sample, we choose its most sensitive SR, which is usually
SRZc formχ˜±
1
≤ 230 GeV and SRZd formχ˜±
1
≥ 280 GeV,
and require the corresponding S (see Sec.II) to be 1.96 to
get the exclusion luminosity. Fig.3 indicates that with an
integrated luminosity of 100 (200) fb−1, most (all) of the
II-S surviving samples will be excluded. In Fig.3 we also
use red squares and dark green bullets to indicate sam-
ples that may be discovered at 14-TeV LHC with 1000
fb−1 and 3000 fb−1 luminosities, respectively. As for the
benchmark point of scenario II-B (I-B), we find that the
exclusion luminosity is 35.2 fb−1 (23.7 fb−1) and the dis-
covery luminosity is 950 fb−1 (300 fb−1). Note that, if the
trilepton signal is combined with the 2-lepton+jets signal
of the χ˜±i χ˜
0
j associated production processes as done in
[52], the needed luminosity may be further reduced.
IV. CONCLUSION
We scanned the NMSSM parameter space by consid-
ering various experimental constraints to explain both
the GCE and the measured Ωh2 with a DM satisfying
30 GeV ≤ mχ ≤ 40 GeV. We have the following ob-
servations: a) The GCE can be explained by the DM
annihilation χχ → a∗1 → bb¯ near the resonance region
2mχ/ma1 ∼ 1, and a singlino-like DM is more favored
than a bino-like DM; b) When 2mχ/ma1 moderately de-
viates from the resonance, in order to produce the mea-
sured relic density, a sizable Z boson contribution to the
DM annihilation in the early universe must be present,
resulting in the higgsino mass µ upper bounded by about
350 GeV; c) Although the current experimental bounds
on DM-nucleon spin dependent scattering cross section
σSDp is less stringent than the spin independent results,
the future XENON-1T and LZ data may be capable of
testing most parts of the GCE-favored parameter region;
d) Detailed simulations on the 3ℓ+EmissT signal from neu-
tralino/chargino associated production at 14-TeV LHC
indicate that the surviving samples can be mostly (com-
pletely) excluded at 95% C.L. with an integrated lumi-
nosity of 100 (200) fb−1, or a large portion of them may
be discovered with an integrated luminosity of 3000 fb−1.
Finally, we have two comments about our discussions.
One is that if we slightly relax the constraint from dwarf
galaxies, e.g. to be 〈σv〉|v→0 . 2.0 × 10−26 cm3/s, we
find that our conclusions keep unchanged. The other
one is that when we finished this work, a sophisticated
analysis of the Fermi-LAT data was performed including
an estimate of systematic uncertainties [17, 27]. In such
a case, the favored DM mass range becomes heavier and
wider than previous discussions. We will keep a close
eye on the progress in this direction.
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